ABSTRACT Transgenic tomato (Solanum lycopersicum) plants were generated expressing a fragment of the mitochondrial NAD-dependent isocitrate dehydrogenase gene (SlIDH1) in the antisense orientation. The transgenic plants displayed a mild reduction in the activity of the target enzyme in the leaves but essentially no visible alteration in growth from the wild-type. Fruit size and yield were, however, reduced. These plants were characterized by relatively few changes in photosynthetic parameters, but they displayed a minor decrease in maximum photosynthetic efficiency (Fv/Fm). Furthermore, a clear reduction in flux through the tricarboxylic acid (TCA) cycle was observed in the transformants. Additionally, biochemical analyses revealed that the transgenic lines exhibited considerably altered metabolism, being characterized by slight decreases in the levels of amino acids, intermediates of the TCA cycle, photosynthetic pigments, starch, and NAD(P)H levels, but increased levels of nitrate and protein. Results from these studies show that even small changes in mitochondrial NAD-dependent isocitrate dehydrogenase activity lead to noticeable alterations in nitrate assimilation and suggest the presence of different strategies by which metabolism is reprogrammed to compensate for this deficiency.
INTRODUCTION
Studies surveying metabolic changes of plants exposed to environmental or genetic perturbations have indicated an important role for 2-oxoglutarate (2OG) within ammonium assimilation (Hodges, 2002; Hodges et al., 2003; Dutilleul et al., 2005; Fritz et al., 2006; Schneidereit et al., 2006) . It has been proposed that this 2OG is either synthesized in the mitochondrial matrix by NAD-dependent isocitrate dehydrogenase (IDH), which catalyzes a tricarboxylic acid (TCA) cycle reaction wherein isocitrate is oxidized and decarboxylated to yield 2OG, NADH, and CO 2 (Siedow and Day, 2000) , or in the cytosol, by NADP-dependent isocitrate dehydrogenase (ICDH; Chen, 1998) .
NAD-dependent IDH is located exclusively in the mitochondrial matrix, whereas the NADP-dependent isoforms are found in several organelles, such as the chloroplasts (Gá lvez et al., 1994) , mitochondria (Gá lvez et al., 1998) , peroxisomes (Corpas et al., 1999) , and in the cytosol (Gá lvez et al., 1996) . NADPdependent mitochondrial ICDH is a homodimeric enzyme that is likely to have highest activity in vivo (Møller and Rasmusson, 1998) . Study in mammals' cells indicates that it plays a key role in cellular defense against oxidative stress-induced damage (Jo et al., 2001) . Likewise, in plants, recently, the physiological role for mitochondrial NADP-dependent ICDH has been investigated and this study suggests this enzyme as a regulatory switch involved in TCA cycle flux and modulation of alternative oxidase (Gray et al., 2004) . Expression of a tobacco cDNA encoding NAD-dependent IDH in a yeast complementation study suggests that the plant NAD-dependent IDH enzyme is composed of three different subunits, one being catalytic and two regulatory subunits (Lancien et al., 1998) . In Arabidopsis, five IDH genes have been identified, two genes encoding catalytic subunits and three regulatory subunits (Lemaitre and Hodges, 2006) . The number of IDH encoding genes varies from three in rice (Abiko et al., 2005) and tobacco (Lancien et al., 1998) to six (five transcribed and one pseudogene) in Arabidopsis ( Lemaitre and Hodges, 2006) . Although four genes of the latter were expressed in all plant organs and only one exhibited tissue-specific pollen expression, the transcription level of IDH genes differs between tissues, presumably reflecting the specific function of different isoforms (Lemaitre and Hodges, 2006) . Despite the fact that multiple isoforms of isocitrate dehydrogenase have been postulated to be engaged in the production of carbon skeletons and reducing equivalents for multiple biosynthetic reactions in various cellular compartments, evidence of their exact physiological roles are currently somewhat limited. Amongst all NADP-requiring ICDH isoforms, the cytosolic one has the highest activity (Gallardo et al., 1995; Gá lvez et al., 1996; Palomo et al., 1998) . It has been intensively studied and, as such, is well characterized in plants. It accounts for 95% of total NADP-ICDH activity in green tobacco leaf tissue (Gá lvez et al., 1996) and seems to be the predominant isoform in leaves of at least 15 plant species (Chen, 1998) . Similarly, although the potato NADP-ICDH gene was active in all plant organs, its expression was highest in green tissues, flowers, and roots (Fieuw et al., 1995) . Due to the preferential expression of this isoform in mature leaf veins, the enzyme has been postulated to be involved in cycling, redistribution, and export of amino acids, in addition to its primary function in GS/GOGAT-dependent nitrogen assimilation. The latter role was initially proposed by Chen and Gadal (1990) as a part of a cytosol-localized pathway producing carbon skeletons for ammonium assimilation in circumstances in which TCA cycle activity is decreased. It was, therefore, surprising to find that both transgenic potato (Kruse et al., 1998) and tobacco (Gá lvez et al., 1999) antisense plants displaying only 6-10% residual ICDH activity showed neither growth nor developmental phenotypes. Considerable research effort has been expended in an attempt to elucidate the metabolic and physiological functions of the various isoforms of isocitrate dehydrogenase (Lemaitre et al., 2007; Hodges et al., 2003; Gá lvez et al., 1994) . In light of the strategic positional importance of this enzyme, studies investigating its metabolic importance in plants surprisingly remain limited (Scheible et al., 2000; Blä sing et al., 2005; Urbanczyk-Wochniak et al., 2005) .
As part of our ongoing project to determine the function of the TCA cycle in illuminated leaves, we have, thus far, characterized the Aco1 Solanum pennellii mutant deficient in aconitase expression , as well as transgenics of cultivated tomato deficient in the expression of the mitochondrial isoforms of malate dehydrogenase (Nunes-Nesi et al., 2005) , fumarase , succinyl-CoA ligase (Studart-Guimarã es et al., 2007) , and citrate synthase (Sienkiewicz-Porzucek et al., 2008) . These genetic studies have generally corroborated those based on the use of mitochondrial inhibitors (for review, see Raghavendra and Padmasree, 2003; Sweetlove et al., 2007) in demonstrating a role for the mitochondria in optimizing photosynthesis. Furthermore, they agree with results from the analysis of plant genotypes directly affected in activities of proteins associated with normal functioning of the mitochondrial electron transport chain (see, e.g. Strodtkö tter et al., 2009; Garmier et al., 2008; Bartoli et al., 2005; Dutilleul et al., 2003) . It is, however, worth noting that the characterization of genetic perturbations of the TCA cycle has revealed mixed results when addressed from the perspective of cellular metabolism in general. Intriguingly, the manipulation of aconitase, fumarase, and mitochondrial malate dehydrogenase activities appeared to have far greater consequence than that of the mitochondrial reactions catalyzed by succinyl-CoA ligase, and citrate synthase (Nunes-Nesi et al., 2005 Studart-Guimarã es et al., 2007; Sienkiewicz-Porzucek et al., 2008) . The former three manipulations displayed clear effects on the rate of both photosynthesis and respiration at least under optimal growth conditions Nunes-Nesi et al., 2005 , 2008 , whereas the later two displayed no obvious physiological effects under similar conditions (Studart-Guimarã es et al., 2007; Sienkiewicz-Porzucek et al., 2008) . However, the effect of modifying respiration was considerably less when compared to the roots of the mMDH and fumarase lines (van der Merwe et al., 2009) , or in potato tuber material in which the activity of the 2-oxoglutarate dehydrogenase complex (2OGDH) had been chemically inhibited (Araú jo et al., 2008) . In this study, we turn our attention to the evaluation of the importance of mitochondrial isocitrate dehydrogenase for metabolism in the illuminated tomato leaf. We describe here the generation of tomato transgenic plants exhibiting mild decreases in the expression of the mitochondrial NAD-dependent isocitrate dehydrogenase (mIDH). The transgenic lines generated were comprehensively characterized at transcriptional, biochemical, and physiological levels. The present results are discussed in the context of current models concerning the importance of the TCA cycle and of the coordination of plant carbon and nitrogen metabolism in the illuminated leaf.
RESULTS

Analysis of Mitochondrial and Cytosolic Isocitrate Dehydrogenases from Tomato
Searching tomato EST collections (Van der Hoeven et al., 2003) revealed the presence of seven tentative consensus sequences (TC193092; TC164449; TC196623; TC198615; TC201555; TC202045; TC216549) encoding isocitrate dehydrogenase, with only three TCs having above 90% identity to the previously annotated isocitrate dehydrogenases from other species (TC193092, TC164449, and TC202045). The phylogenetic tree of plant isocitrate dehydrogenases displays two clear clusters, one in which TC164449 and TC202045 groups with NADP-specific isoforms and a TC193092 cluster with mitochondrial NAD-specific isoforms ( Figure 1A ). Assembly and sequence analysis of TC164449 revealed an open reading frame of 415 amino acids with high homologies to NADPdependent ICDH (SlICDH2). Comparison with functionally characterized NADP isocitrate dehydrogenases revealed 91% identity to tobacco (Nicotiana tabacum, P50218, X77944) and 90% identity to potato (Solanum tuberosum, (D) Total IDH (i) and ICDH (ii) activities determined in 5-week-old leaves taken from fully expanded source leaves of transgenic plants with altered expression of SlIDH1 as compared to wild-type. (E) Relative transcript abundance of the various cellular isoforms of isocitrate dehydrogenase. The abundance of isocitrate dehydrogenase mRNAs was measured by quantitative RT-PCR. Values are presented as mean 6 SE (n = 5). An asterisk indicates significantly different (P , 0.05) values obtained for each line in comparison to wild-type as determined by the t-test. SlIDH1 (TC193092), SlICDH1 (TC202045); SlICDH3 mitochondrial ICDH-like protein (TC196623); SlICDH2 (TC164449); SlIDH2 (TC198615). The lines used were: wild-type, black bars; IDH1, light-gray bars; IDH4, gray bars. Nt, Nicotiana tabacum; St, Solanum tuberosum; Sl, Solanum lycopersicum; Gm, Glycine max; At, Arabidopsis thaliana; Os, Oryza sativa; R, roots; S, stems; L, fully expanded leaves; V, veins; EF, epidermal fragments; F, flowers; SGF, 3-6 days after pollination (DAP) fruits; GF, green fruits (;35 DAP); RF, red fruits (;60 DAP). CAA53300, X75638). The sequence analysis of TC202045 also revealed an open reading frame of 415 amino acids with high homologies to NADP-dependent ICDH (SlICDH1). Comparison of this isoform to functionally characterized NADP-dependent isocitrate dehydrogenases revealed 96% identity to tobacco (Nicotiana tabacum, P50218, X77944) and 98% identity to potato (Solanum tuberosum, P50217, X75638). The same procedure was adopted for TC193092, where a sequence analysis revealed an open reading frame of 393 amino acids with high homologies to NAD-dependent IDH (SlIDH1). Comparison of this isoform to the functionally characterized NAD-dependent isocitrate dehydrogenases revealed 75% identity to tobacco (Nicotiana tabacum, CAA74776, Y14431) and 66% identity to IDH1 in Arabidopsis (Arabidopsis thaliana, NP_195252, At4g35260). In silico predictions indicate that SlIDH1 bears characteristics of a mitochondrial transit peptide sequence, indicating a mitochondrial location, whereas SlICDH1 and 2 have a cytosolic location (data not shown).
IDH and ICDH Activity in Various Organs of Tomato
Several organs of greenhouse-grown tomato plants were analyzed with respect to IDH and ICDH activity. As seen in Figure  1B , when we compared the mitochondrial NAD-dependent activity (IDH) with the NADP-dependent isocitrate dehadrogenase (ICDH) activity, ICDH have higher levels in all tissues studied. When comparing the ICDH activity in different organs, ICDH has relatively higher activity levels in roots, veins, epidermal fragments, and flowers, whereas lowest ICDH activities were found in stems and leaves. Interestingly, ICDH activity changes with fruit development, increasing from 5 days after pollination (DAP) to 60 DAP fruits ( Figure 1B , section i). When we assayed IDH activity using the same protein extracts, leaves, veins, epidermal fragments, and roots had highest IDH activity in comparison with stems, flowers, and tomato fruits. In contrast to ICDH, IDH activity decreases along with fruit development ( Figure 1B , section ii).
Transgenic NAD-Dependent IDH Plants Showed No Change in Time of Flowering and Growth Rate
A 734-bp fragment of the tomato gene encoding SlIDH1 was cloned in antisense orientation into the transformation vector pK2WG7 (Karimi et al., 2002 ; Figure 1C ). The gene fragment was inserted between the cauliflower mosaic virus (CaMV) 35S promoter and the octopine synthase (ocs) terminator. Following Agrobacterium tumefaciens-mediated transformation, we transferred 67 IDH1 transformed tomato plants to the greenhouse. A screening of the lines was performed by a combination of total cellular IDH activity and Northern blot analyses (data not shown). These preliminary studies allowed the identification of two lines that showed a statistically significant and specific reduction in IDH1 expression and total IDH activity in leaves. These two transgenic lines were clonally propagated and transferred to the greenhouse alongside wild-type controls. Following a period of 5 weeks growth, leaves were harvested in the middle of the light period, and total IDH and ICDH activities were measured in order to confirm the reduced activity of IDH ( Figure 1D , subsection i) and its effects on total ICDH activity ( Figure 1D , subsection ii). To verify the specificity of the constructs as well as to ensure that no compensatory effect occurred in the expression of the other isoforms, a secondary screen was performed at the mRNA level, using an established quantitative RT-PCR protocol (Czechowski et al., 2004) . This revealed that only SlIDH1 expression was significantly reduced in the transgenic lines. Moreover, the expression of non-targeted isoforms was unaltered in the transformants ( Figure 1E ). When taken together, the combined evidence presented demonstrates that these two lines (IDH1 and IDH4) were suitable for assessing the effects of a mild reduction of the mitochondrial IDH isoform activity.
For phenotypic characterization, we grew the transgenic plants in the greenhouse side by side with wild-type controls. After 5 weeks growth, no clear difference could be observed in the growth of aerial parts of the plant (Figure 2A ). Close inspection of the transformants revealed only a minor decrease in root dry mass ( Figure 2B ) and no consistent changes in stem ( Figure 2C ) and leaf ( Figure 2D ) biomass. From these results, it follows that the transformants displayed a relatively unaltered total biomass accumulation ( Figure 2E ). Given that antisense inhibition of citrate synthase led to inhibition of flower formation in potato plants (Landschü tze et al., 1995) and changes in fruit yield were observed in several tomato genotypes deficient in TCA cycle enzymes Nunes-Nesi et al., 2005 Studart-Guimarã es et al., 2007) , we next evaluated flower and fruit production in the transgenic lines. For this purpose, we grew the transgenics until full maturity, counting daily the number of flowers produced. This study showed that the flowering time was not affected by the reduction in mitochondrial IDH as well as the total number of flowers produced by the transgenic and wild-type plants ( Figure  2F ). This observation reflected in an unaltered number of fruits produced ( Figure 2G ). However, the diameter of fruits was significantly reduced in both lines ( Figure 2H ), as was the total fresh fruit weight ( Figure 2I ).
Reduction of Mitochondrial IDH Activity Has Little Effect on the Relative Electron Transport or Assimilation Rates and a Minor Reduction in the Maximum Efficiency of PSII
Given that we use the constitutive CaMV 35S promoter in this study, we are unable to distinguish whether the changes observed in fruits were the consequence of effects in the fruit themselves or merely reflect changes in the source leaves. We, therefore, concentrate the current investigation on leaf metabolism. In addition to that, we have previously reported alterations in photosynthetic performance in tomato genotypes displaying reduced activity of aconitase , mitochondrial malate dehydrogenase (Nunes-Nesi et al., 2005) , and fumarase , as well as altered dark respiration in genotypes deficient in citrate synthase (Sienkiewicz-Porzucek et al., 2008) . Given this, we next analyzed whether the IDH transformants exhibited alterations in these parameters. For this purpose, we performed direct measurement of gas exchange under photon flux densities (PFD) that ranged from 0 to 1200 lmol m À2 s
À1
. In contrast to our previous studies, we observed no major differences in either assimilation rate or dark respiration ( Figure 3A) . Moreover, when we measured the rate of chloroplastic electron transfer, this parameter was found to be unaltered in the transformants ( Figure 3B) . Surprisingly, when we closely evaluated chlorophyll fluorescence parameters, a minor and significant reduction in the PSII maximum efficiency after dark adaptation (Fv/Fm) was observed in both lines ( Figure 3C ). Despite that, protective non-photochemical mechanisms that dissipate excess excitation energy as heat (NPQ) were unaltered ( Figure 3D ).
Photosynthetic Carbon Metabolism in the Mitochondrial IDH Transformants
Analysis of the carbohydrate content of leaves from 5-weekold plants during a diurnal cycle revealed that the transformants were characterized by unchanged levels of sucrose ( Figure  4A ), glucose, and fructose (data not shown), but a significant reduction in the level of starch ( Figure 4B ).
In order to verify whether the reduction in the activity of IDH results in changes in other major pathways of primary metabolism, we used an established GC-MS protocol for metabolite profiling that allows us to quantify the relative levels of around 70 metabolites . This study revealed considerable differences between the transgenics and the wild-type (Table 1 ). There were several notable changes in the contents of a range of amino acids. Namely, b-alanine (lines IDH1 and IDH4), glycine (line IDH1), and proline (both lines) were all significantly reduced, whilst asparagine (line IDH1) and tyramine (line IDH1) were significantly increased. In contrast, as would perhaps be expected given the presence of multiple isoforms capable of catalyzing their conversion, 2OG and isocitrate contents were unchanged in the transformants. Despite this, other TCA cycle intermediates such as malate (line IDH1), succinate (line IDH1), and pyruvate (line IDH4) were significantly reduced in the transformants. Several other interesting changes were also observed, such as the significant reduction in threonate (line IDH1), maleate (line IDH1), glycerate (both lines), citramalate (lines IDH1), and GABA (line IDH4), and the increase in saccharic acid (line IDH1).
Reduction of Mitochondrial IDH Activity Alters Nitrogen Assimilation
Given the considerable changes in amino acid metabolism, we next decided to evaluate nitrate assimilation and metabolism in leaves of the transformants. For this purpose, we analyzed by spectrophotometry the content of nitrate, total amino acids, and total insoluble protein in leaves. These studies revealed a significant increase in the level of nitrate in both lines ( Figure 5A ). The total amino acid levels were unaltered ( Figure 5B ), whilst, perhaps surprisingly, protein levels were increased in both lines ( Figure 5C ). (F) Total number of flowers and fruits (G), diameter of fruits (H) and (I) total fruit fresh weight of 10-week-old plants. Values are presented as means 6 SE (n = 6); an asterisk indicates values that were determined by the t-test to be significantly different (P , 0.05) from the wild-type.
Pigment Contents in the Transgenic Lines
Considering the above results, we determined the levels of the photosynthetic pigments because these compounds have often been reported as important indicators of nitrogen deficiency (Gaude et al., 2007; Sienkiewicz-Porzucek et al., 2008) . In accordance with our previous studies with mitochondrial citrate synthase antisense plants (SienkiewiczPorzucek et al., 2008) , high-performance liquid chromatography (HPLC) analysis revealed a general decrease in pigment content in the transformants. Chlorophylls a and b were both significantly reduced in the transformants (both lines), as was lutein (lines IDH4), violaxanthin (significant in both lines), and zeaxanthin (line IDH4), while the levels of b-carotene, neoxanthin, and antheraxanthin were unaltered ( Figure 6 ).
Pyridine Nucleotide Content in IDH Transgenic Plants
Since the oxidative decarboxylation of isocitrate to 2OG catalyzed by both IDH and ICDH also results in the production of reduced coenzyme NAD(P)H, it might be expected that reduction in the activity of these enzymes affects the redox balance Leaf assimilation rate (A) and in vivo chlorophyll fluorescence emission, as an indicator of the relative electron transport rate (ETR) (B), at photon flux density (PFD) ranging from 0 to 1200 lmol m À2 s À1 . Fv/Fm ratio as estimation of PSII maximum efficiency (C). Nonphotochemical quenching (NPQ) at 1200 lmol m À2 s À1 (D). All measurements were performed in 4-week-old plants. Values are presented as mean 6 SE (n = 6); an asterisk indicates values that were determined by the t-test to be significantly different (P , 0.05) from the wild-type. The lines used were: wild-type, black circles; IDH1, gray circles; IDH4, gray triangles. At each time point, samples were taken from mature source leaves, and the data presented are mean 6 SE (n = 6). Asterisk indicates values that were determined by the t-test to be significantly different (P , 0.05) from the wild-type. The lines used were: wild-type, black circles; IDH1, gray circles; IDH4, gray triangles. Shaded background indicates the dark period.
in the transformants. We therefore decided to assay the levels of pyridine dinucleotides in the leaves of wild-type and transformant plants. Interestingly, whilst both NADH and NADPH were significantly reduced in all transgenic lines ( Figure 7A and 7B), NAD and NADP levels were unaltered in all genotypes ( Figure 7C and 7D) . As a result, a trend towards a decrease in the NADH/NAD and NADPH/NADP ratios was observed ( Figure  7E and 7F).
Effect of Reduction of Mitochondrial IDH on the Activities of Other Enzymes of Primary Metabolism
To better understand the above-described changes in metabolites, we next analyzed the maximal activities of a wide range of key enzymes of carbon and nitrogen metabolism (Table 2) . Our results suggested a reduced capacity for nitrate assimilation in the IDH lines. However, total nitrate reductase activity was not significantly altered in leaves of the transgenic plants. Interestingly, glutamate dehydrogenase (GDH) activity The leaf material was harvested in the middle of the light period. Data are normalized with respect to the mean response calculated for the wild-type. Values are presented as mean 6 SE (n = 6). Values set in bold were determined by the t-test to be significantly different (P , 0.05) from the wild-type. The leaf material was harvested in the middle of the light period from 5-week-old plants. The data presented are mean 6 SE (n = 6).
Asterisk indicates values that were determined by the t-test to be significantly different (P , 0.05) from the wild-type.
significantly increased in both lines, suggesting that glutamate might be oxidized in the mitochondria in order to sustain the supply of 2OG to the TCA cycle, concomitant to the release of NH 4 + (Robinson et al., 1991; Aubert et al., 2001) . We also assayed glycerate kinase, which is a key enzyme of the photorespiratory cycle (Boldt et al., 2005) . This enzyme was slightly increased in both transgenic lines, significantly so in the case of line IDH4. Considering TCA cycle enzymes, there were no significant differences in the total activities of citrate synthase, aconitase, and NAD-dependent malate dehydrogenase. However, the activity of fumarase was strongly reduced in both transformants. As described before, both transgenic lines showed lower NAD(P)H levels, reduced pigment levels, and minor reduction in the efficiency of PSII. For that reason, we expected changes in the chloroplastic redox state (Scheibe, 2004) . To further test this hypothesis, we assayed both initial and maximal activities of NADP-dependent malate dehydrogenase and, from these data, calculated the activation state of the enzyme. The results revealed that both total and initial NADP-MDH activities were unaltered in the both IDH lines, thus indicating no change in the activation state of NADP-MDH.
Gene Expression Profiling
To gain a broader overview of changes occurring following the genetic perturbation introduced, we additionally evaluated the relative level of a wide range of transcripts by comparing the expression levels of wild-type and line IDH4 using TOM1 microarrays (Alba et al., 2004) and displayed this on the Solanacea MapMan visualization (Urbanczyk-Wochniak et al., 2006; Figure 8 ). This display reveals that the transformants were not characterized by massive global changes in gene expression. For this reason, we chose to make use of a feature of the MapMan, which determines the over-representation of a particular functional category by evaluating the responses of all genes in a given category compared with the overall response of all gene categories on the microarray (Usadel et al., 2005) . Interestingly, few categories behaved significantly in a different manner. It was observed that genes associated with the Calvin cycle were slightly down-regulated in the transformant ( Figure 8A ). For example, the expression of phosphoribulokinase was approximately six-fold decreased. The second functional category that substantially changed was that grouping carbonic anhydrases, where the expression of the genes corresponding to this enzyme were up to 2.5-fold reduced in the transgenic line. When we looked at the expression of genes associated with regulation, significant changes were found in three functional categories. Genes associated with protein degradation displayed a general increase in expression; for example, the Ser/Thr specific protein phosphatase increased six-fold and 26S protease regulatory subunit VII increased 2.9-fold. Similarly, G-protein-associated transcripts Pigments were determined in 6-week-old fully expanded source leaves harvested in the middle of the day. Values presented are mean 6 SE (n = 6). Asterisks indicate values that were determined by the t-test to be significantly different (P , 0.05) from the wildtype. The lines used were: wild-type, black bars; IDH1, light-gray bars; IDH4, gray bars. The leaf material was harvested in the middle of the light period, from 5-week-old plants. The data presented are mean 6 SE (n = 6).
revealed an increase of 2.5-fold of a GTP-binding protein in the transgenic line. Moreover, increase in the transcript levels was also observed for redox regulation-associated genes, such as 2-oxoglutarate-dependent dioxygenase, which was three-fold increased in the transgenic line.
Flux Analyses
We next evaluated the rate of respiration in the transformants. For this purpose, we adopted two strategies. First, we recorded the evolution of 14 CO 2 following incubation of leaf discs in positionally labeled 14 C-glucose molecules, and, second, we used 13 C pyruvate feeding to directly assess flux through the TCA cycle. In the first experiment, we incubated leaf discs taken from plants in the light and supplied these with [1- CO 2 evolved at hourly intervals. Carbon dioxide can be released from the C1 position by the action of enzymes that are not associated with mitochondrial respiration, but carbon dioxide evolution from the C3:4 positions of glucose cannot (ap Rees and Beevers, 1960) . Thus, the ratio of carbon dioxide evolution from C1 to C3:4 positions of glucose provides an indication of the relative rate of the TCA cycle with respect to other processes of carbohydrate oxidation. When the relative 14 CO 2 release of the transgenic and wildtype lines was compared for the various fed substrates, an interesting pattern emerged (Figure 9 ). The rate of 14 CO 2 evolution was always highest in leaves incubated in [1-14 C] glucose; however, the absolute rate of carbon dioxide evolution from the C1 position of the transgenic lines was far in excess of that observed in the wild-type. In contrast, the release from the C3:4 positions was much lower in the transgenic line (IDH1) than in the wild-type. Thus, these data suggest that a lower proportion of carbohydrate oxidation is carried out by the TCA cycle in the transgenic lines. To evaluate whether this is indeed the case, we next evaluated the relative isotope redistribution in leaves excised from wild-type and transformant plants using a combination of feeding C to TCA cycle, GABA shunt, and photorespiratory pathways ( Figure  10 ). These studies indicated that the rate of isotope redistribution to citrate was unaltered whilst that to isocitrate and 2OG was significantly reduced in both lines, as was that to glutamate (in the case of line IDH4). Given that the GABA shunt can bypass the reaction catalyzed by succinyl-coenzyme A ligase and sustain succinate supply to the TCA cycle (Studart-Guimarã es et al., 2007), we additionally quantified the label redistribution to GABA. Neither the label redistribution to GABA nor that to succinate was altered in the transformants. Interestingly, however, label redistribution was markedly reduced to malate and fumarate (significant in both lines). In contrast to that general decrease in label redistribution to TCA cycle intermediates, when looking at photorespiratory pathway intermediates, a clearly increased label redistribution was observed to glycine (significantly in line IDH4) and serine (line IDH1). Taken together, these data, and those of the respiration measurements described above, hint toward a restriction in pyruvate-derived fluxes through IDH but suggest an increase in the activity of mitochondrially located photorespiratory enzymes.
DISCUSSION
Much effort has been recently invested in the study of plant photosynthetic energy metabolism in order to better Activities were determined in 5-week-old fully expanded source leaves harvested 6 h into the photoperiod. Data presented are mean 6 SE (n = 6); values set in bold type were determined by the t-test to be significantly different (P , 0.05) from the wild-type. FW, fresh weight; PEP, phosphoenolpyruvate; MDH, malate dehydrogenase; GDH, glutamate dehydrogenase.
* Ratio of initial NADP-MDH activity to total NADP-MDH activity.
understand the functional role of respiratory metabolism in the illuminated leaf. Studies in which components of the mitochondrial electron transport chain were manipulated indicate that its correct functioning is required to sustain optimal rates of photosynthesis (Igamberdiev et al., 2001; Raghavendra and Padmasree, 2003; Dutilleul et al., 2003; Bartoli et al., 2005; Sweetlove et al., 2006) . However, this effect is not exclusive for components of the mitochondrial electron transport chain, since studies in which several TCA cycle enzymes were genetically perturbed also displayed altered photosynthetic performance. Whilst genotypes deficient in the activity of aconitase or mitochondrial malate dehydrogenase displayed an increase in the photosynthetic rate Nunes-Nesi et al., 2005) , down-regulation of fumarase resulted in a repression of photosynthesis . In contrast, modulation of citrate synthase (Sienkiewicz-Porzucek et al., 2008) and succinyl-coenzyme A ligase (Studart-Guimarã es et al., 2007) activities resulted in essentially unaltered photosynthetic rates, despite showing clear alterations in metabolism. Here, we extend our ongoing survey of the TCA cycle and report on the consequences of the antisense inhibition of the SlIDH1 gene, which encodes an NAD-dependent, mitochondrially localized isocitrate dehydrogenase. This enzyme is believed to be a key regulatory step of the TCA cycle as well as having importance in the maintenance of the 2OG level and therefore in the regulation of nitrogen assimilation Stitt and Fernie, 2003) . Based on amino acid sequence analyses, it appears that both IDHs identified in tomato, SlIDH1 and SlIDH2, are highly similar to NtIDHb from tobacco and, to a lesser extent, to AtIDH1 from Arabidopsis ( Figure 1A ). These observations thus suggest that SlIDH1 and 2 encode regulatory subunits of NAD-dependent IDH in tomato and that the gene encoding the catalytic subunit has yet to be identified. In this study, we characterized two transgenic lines displaying 49 and 70% reduction in Values in the table represent absolute redistribution and are given as mean 6 SE (n = 6). Those set in bold type were determined by the t-test to be significantly different (P , 0.05) from the wild-type. Values given in the metabolic schema are normalized such that the wild-type redistribution is set at 100. The genotype is as indicated in the box. expression levels of SlIDH1 (Figure 1E) , which led to decreases of 28 and 44% in total NAD-dependent IDH activity, respectively (without apparent impact on NADP-dependent isocitrate dehydrogenase; Figure 1D ; subsections i and ii). When compared with the residual 8% of IDH activity observed for the corresponding Arabidopsis knockout mutant, where the T-DNA is inserted in a gene encoding a catalytic subunit (Lemaitre et al., 2007) , the antisense inhibition of SlIDH1 led to only a mild reduction in the IDH activity. Interestingly, the 44% reduction in the IDH activity observed in the strongest line reduced the fruit size by 30% and fruit yield by 68%. This effect could be explained by either an alteration in fruit sink strength, caused by altered number of fruits (sink size), or a reduced competitive ability of the fruits to import assimilates (sink activity; Herbers and Sonnewald, 1998 ). As we show that down-regulation of mIDH did not result in an altered number of fruits per plant (Figure 2G ), the latter hypothesis seems the most likely. However, we cannot rule out the impact of the genetic perturbation on fruit metabolism per se. Given that we use the constitutive CaMV 35S promoter in the present work, it is clear that the activity of this enzyme will be affected in both leaves and fruits. We are, therefore, unable to distinguish whether the loss of fruit yield was due to sink or source effects. Survey of the literature revealed that in tomato, both causes are possible; the increased photosynthetic rates observed in the mMDH lines were coupled to an increased fruit yield (Nunes-Nesi et al., 2005) , whereas fruit-specific reduction of cell wall invertase (Zanor et al., 2009 ), or plastidic FBPase (Obiadalla-Ali et al., 2004 , resulted in decreased fruit yield. For this reason, the future generation of plants in which IDH activity is reduced in a tissue-specific manner will be important to resolve this question.
Given the complexities in interpreting the fruit phenotype, we focused our efforts here on understanding the influence of IDH on photosynthetic metabolism. Whilst the antisense inhibition of mitochondrial IDH resulted in unaltered rates of assimilation and chloroplastic electron transport, the maximal efficiency of photosystem II (Fv/Fm) was reduced in the transformants (Figure 3) . Consistent with this alteration are the changes observed in pigment content, such as the reduction in chlorophyll a and b, violaxanthin, and zeaxanthin ( Figure  6 ). Despite only minor changes in photosynthesis, quite considerable changes were observed in metabolism. One of the most striking effects was a decrease in starch accumulation during the day (Figure 4 ). It is already well known that diurnal changes in starch as well as organic acids biosynthesis are synchronized to nitrate assimilation (Scheible et al., 1997 (Scheible et al., , 2000 . Consistent with this, down-regulation of the mIDH also led to increased nitrate contents up to 168% of the wild-type levels but unchanged total amino acid pool sizes and, surprisingly, enhanced protein levels ( Figure 5 ). Similar, albeit more dramatic, effects on nitrate assimilation have been previously observed in mitochondrial citrate synthase-deficient tomato plants (Sienkiewicz-Porzucek et al., 2008) ; however, in this case, the protein content was unchanged. While the increase in protein is admittedly somewhat at odds with an impaired nitrate assimilation, the fact that the accumulation of nitrate in the transgenics is greater than that of protein suggests a mild impairment in their capacity to assimilate nitrate, albeit one which appears to be compensated by an as yet undefined mechanism.
In addition to its role in nitrate assimilation, 2OG is a key organic acid of the TCA cycle (Lancien et al., 2000; Scheible et al., 2000) . Despite this fact, it is not yet clear where the major site of production of 2OG resides. This organic acid can be produced from either sugar respiration or amino acid transamination following the concerted action of isocitrate dehydrogenases, aminotransaminases, and glutamate dehydrogenases (Lancien et al., 2000) . The work reported here suggests that mIDH has an important role in 2OG production. Whereas the specific reduction of the mitochondrial IDH activity, without any effect on ICDH activity, did not result in reduction of absolute 2OG levels, the label redistribution to 2OG was clearly impaired in the transformants (Figure 10) . A similar reduction in the TCA cycle activity was also demonstrated in the mitochondrial citrate synthase antisense plants (SienkiewiczPorzucek et al., 2008) . Taken together, these results support the hypothesis that mitochondrial TCA cycle enzymes contribute to the regulation of nitrogen assimilation in leaves and that a substantial portion of 2OG production occurs in the mitochondria. It has also recently been demonstrated that other mitochondrially localized proteins have a profound impact on nitrogen metabolism (Pellny et al., 2008; Dutilleul et al., 2005) . In these studies, the tobacco CMS mutant, which lacks the mitochondrial gene nad7 and thus a functional complex I, was revealed to display altered carbon/nitrogen ratios and was depleted in starch and 2OG (Dutilleul et al., 2005) . The deficiency in 2OG was attributed to increased citrate and malate levels and key anaplerotic enzymes, notably mitochondrial IDH. Additional evidence has been provided by addition of rotenone, a specific inhibitor of Complex I, to Arabidopsis cell suspension cultures (Garmier et al., 2008) . This study revealed that 2OG production is rapidly reduced after application of the inhibitor and that this decrease persisted for at least 16 h. In addition, important evidence for the role of mitochondrial metabolism in the maintenance of optimal photosynthetic performance have been provided for uncoupling protein 1 (Sweetlove et al., 2006) and alternative oxidase-1A (Strodtkö tter et al., 2009) , which appear to have a role in photorespiration. In the present work, metabolite profiling of the mIDH antisense lines demonstrated that steady state levels of photorespiratory intermediates, namely glycolate, glycerate, and glycine, were reduced (Table 1) , although there was an increased label redistribution to glycine and serine (Figure 10 ). These results suggest that the down-regulation of the TCA cycle activity was integrated with an up-regulation in the flux through the photorespiration pathway as part of a reprogramming to maintain either mitochondrial NADH homeostasis and/or the glutamate pool size. NADH and NADPH levels play an important role in mitochondrial respiratory metabolism (Noctor et al., 2007) and, under many different conditions, free mitochondrial NADH levels are kept constant (Kasimova et al., 2006) . The IDH-deficient plants showed reduced NADH and NADPH levels, which are known to inhibit ICDH activity; therefore, cytosolic ICDH activity is likely to be de-inhibited in the transformants ( Figure 1B, subsection i) allowing the functioning of an alternative pathway involving citrate export from mitochondria to support 2OG synthesis in the cytosol (Igamberdiev and Gardeströ m, 2003) . Alternatively, or additionally, we might expect that glutamate levels are maintained in the transgenics via increased activity of glutamate dehydrogenase (GDH; Table 2), since increasing flux through the glycine decarboxylase reaction will result in an elevated NH 4 + level that must consequently be assimilated to avoid its toxic effects in the cell. It is conceivable that the NH 4 + provided by photorespiration or protein degradation and 2OG provided by the cytosolic ICDH could be metabolized by cytosolic GDH that is induced under nitrogen-limiting conditions to provide glutamate and maintain nitrogen metabolism (Tercé -Laforgue et al., 2004) . Evidence for such a compensatory mechanism has been provided by antisense inhibition of ferredoxin-dependent glutamine-2-oxoglutarate aminotransferase (Fd-GOGAT) tobacco plants (Ferrario-Mery et al., 2002) . Thus, it provides a clear mechanism for regulation of mitochondrial and cytosolic levels of pyridine dinucleotides, isocitrate and 2OG (Igamberdiev and Gardeströ m, 2003) . To summarize, in this article, we have demonstrated that minor changes in activity of mitochondrial IDH in tomato leaves has dramatic metabolic consequences but these have little effect on global patterns of transcription, growth, or plant performance. Despite this fact, this study allows several important conclusions to be made. It demonstrates a clear role for mitochondrial IDH in nitrate assimilation. Furthermore, it suggests the operation of compensatory mechanisms to maintain 2OG production that underlines the importance of this metabolite for maintenance of normal cellular function. It is clear that a mild reduction in mitochondrial IDH led to a slowing-down of the TCA cycle, and, consequently, a likely reduction in the mitochondrial levels of NADH and NADPH. This metabolic shift results in an increased activity of photorespiratory enzymes of the mitochondria. This demonstrated increase in photorespiration appears to offset the shortfall in TCA cycle activity and, consequently, may buffer the effects of the metabolic shift on the phenotype of the illuminated leaf. That said, quite clear effects were observed in the fruit of these lines, marking a detailed study of the role of the enzyme in heterotrophic tissues an important area for a future research.
METHODS Materials
Tomato (Solanum lycopersicum) 'Moneymaker' was obtained from Meyer Beck. Plants were handled as described in the literature . All chemicals and enzymes used in this study were obtained from Roche Diagnostics with the ex- were from American Radiolabeled Chemicals, and 13 C pyruvate was from Cambridge Isotope Laboratories.
cDNA Cloning and Expression
A 734-bp fragment of the mitochondrial SlIDH1 was cloned in antisense orientation between the CaMV 35S promoter and the ocs terminator into the vector pBINAR (Liu et al., 1999) . These constructs were introduced into plants by an Agrobacterium-mediated transformation protocol, and plants were selected and maintained as described in the literature (Tauberger et al., 2000) . Initial screening of 67 lines was carried out using a combination of total enzyme activity determinations and Northern blot. These screens allowed the selection of two lines, which were taken to the next generation. Total IDH and ICDH activity and expression of the various isoforms of IDH and ICDH were confirmed in the second harvest of these lines.
Phylogenetic Analysis
Protein sequences were retrieved from the Gen-Bank through the BLASTp algorithm using SlIDH1and SlICDH1 sequence subunits as query. Sequences were aligned using the ClustalW software package (Higgins and Sharp, 1988 ) using default parameters. Neighbor Joining trees (Saitou and Nei, 1987) were constructed with MEGA4.1 Beta 2 software (Tamura et al., 2007) . Distances were calculated using pair-wise deletion and Poisson correction for multiple hits; bootstrap values were obtained with 500 pseudo replicates.
RNA Extraction and Quantification and qRT-PCR Analysis
The RNA and qRT-PCR were determined as described in Zanor et al. (2009) . Relative quantification of the target expression of IDH and ICDH genes in WT and transgenic lines was performed using the comparative Ct method. For analysis of SlIDH1 transcript levels (GenBank accession no. TC163092), the following primers were used: forward 5#-CAGTGAAGCGTGTTATTGCCG-3#, reverse 5#-GACAGCATCCGTGATTTCTTGG-3#, and SlICDH1 (GenBank accession no. TC202045), forward 5#-TCCTGATGG-CAAGACCATTGA-3#, reverse 5#-TGTGCTGGTTTCACCTCCTT-TC-3#, for SlICDH3 (GenBank accession no. TC196623), forward 5#-ATGCACGAACATTCCCAGGA-3#, reverse 5#-TGGCACGATACTGATCACCAAA-3#, for SlICDH2 (GenBank accession no. TC164449), forward 5#-GAAGCAGCCCATG-GAACTGTT-3#, reverse 5#-TCCACGAGTCCAAGCAAAAATC-3#, and for SlIDH2 (GenBank accession no. TC198615) forward 5#-CTTTGAGCGATACGAAGTGCG-3#, reverse 5#-GCCCTCCT-TTCAGACAAACCTT-3#. To normalize gene expression for differences in the efficiency of cDNA synthesis, transcript levels of the constitutively expressed elongation factor 1-a of Solanum lycopersicum (GenBank accession no. X14449) and ubiquitin3 (GenBank accession no. X58253) were measured using the following primers: forward 5#-ACCACGAAGCT-CTCCAGGAG-3#, reverse 5#-CATTGAACCCAACATTGTCACC-3#, Schaarschmidt et al. (2006) for elongation factor 1-a and forward, 5#-AGGTTGATGACACTGGAAAGGTT-3#, reverse 5#-ATCGCCTCCAGCCTTGTTGTA-3# for ubiquitin3 (Wang et al., 2008) .
Microarray Analysis
Glass slides containing arrayed tomato ESTs were obtained directly from the Center for Gene Expression Profiling (CGEP) at the Boyce Thompson Institute, Cornell University, The Geneva Agricultural Experiment Station, and the US Department of Agriculture Federal Plant and Nutrition Laboratory. The tomato array contains 13 440 spots randomly selected from cDNA libraries isolated from a range of tissues, including leaf, root, fruit, and flowers, and representing a broad range of metabolic and developmental processes. Fluorescent probe preparation and microarray hybridization and data analysis were exactly as described previously (Urbanczyk-Wochniak et al., 2006) . The raw expression data were processed using Robin, a graphical application for microarray analysis. Robin facilitates the usage of advanced R/BioConductor packages (i.e. limma, RankProd (Smyth, 2004; Hong et al., 2006) ) by providing an easy-to-use graphical interface to the underlying R functions. After evaluation of chip quality by visual inspection of background signal intensity, signal intensity distribution per color channel and red-green signal ratios for each chip, the data were normalized within each array using print-tip group-wise loess normalization with background subtraction and between the arrays in the experiment by scaling the log2 ratios to have the same median absolute deviation. The normalized data were statistically analyzed using the linear model-based approach implemented in the limma package using the Benjamini-Hochberg method to correct p-values for multiple testing.
Analysis of Enzyme Activities
Enzyme extracts were prepared as described previously (Gibon et al., 2004) , except that Triton-X 100 was used at a concentration of 1% and glycerol at 20%. Citrate synthase, isocitrate dehydrogenase (NAD), phosphofructokinase (ATP) fumarase, and pyruvate kinase were assayed as described in Nunes-Nesi et al. (2007) . Malate dehydrogenase (NADP) was assayed as described in Scheibe and Stitt (1988) . NADP-isocitrate dehydrogenase, nitrate reductase, PEPC, and GDH (NAD) were assayed as described in Gibon et al. (2004) . Glycerate kinase was assayed as described in Huege et al. (2007) .
Determination of Metabolite Levels
Leaf samples were taken at the time point indicated, immediately frozen in liquid nitrogen, and stored at -80°C until further analysis. Extraction was performed by rapid grinding of tissue in liquid nitrogen and immediate addition of the appropriate extraction buffer. The levels of starch, sucrose, fructose, and glucose in the leaf tissue were determined exactly as described previously . The levels of all other metabolites were quantified by GC-MS exactly following the protocol described by Roessner et al. (2001) with the exception that peak identification was optimized to tomato tissues (Roessner-Tunali et al., 2003) and extended to include newly identified peaks Schauer et al., 2005) . Nitrate was determined as detailed in Fritz et al. (2006) . The procedure of extraction and assay of NAD, NADH, NADP, and NAPH was performed according to the method described by Gibon and Larher (1997) . Photosynthetic pigments were determined exactly as described in Bender-Machado et al. (2004) .
Measurements of Photosynthetic Parameters
Four to 5-week-old plants maintained at fixed irradiance of 250 lmol photons m À2 s À1 were used for gas-exchange using a Licor-6400 gas-exchange system (Li-Cor; www.licor.com/) under different light intensities (as described in the text), 400 ppm CO 2 , and a leaf temperature of 25°C. Fluorescence emission measurements to estimate the actual flux of photons driving photosystem II (ETR) was performed using a leaf chamber fluorometer (Model 6400-40, Li-Cor). The ETR and NPQ were estimated as ETR = ½ðFm' À FsÞ=Fm' f I a leaf NPQ = ðFm À Fm'Þ=Fm';
where Fm is the maximal chlorophyll a fluorescence after dark adaptation, Fm' is the maximal chlorophyll a fluorescence during a saturating light flash, Fs is steady-state fluorescence, f is the fraction of absorbed quanta that is used by PSII, which is assumed to be 0.5 for C3 plants, I is the incident PFD, and a leaf is leaf absorptance that is assumed to be 0.85.
Measurement of Respiratory Parameters
Dark respiration was measured using the same gas exchange system as defined above. Estimations of the TCA cycle flux on the basis of 14 CO 2 evolution were carried out following incubation of isolated leaf discs in 10 mM MES-KOH (pH 6.5) containing 2. Rees and Beevers (1960) .
Measurement of Redistribution of Isotope
The fate of 13 C-labeled pyruvate was traced following feeding of leaves excised from 6-week-old plants via the petiole placed in a solution containing 10 mM MES-KOH (pH 6.5) and 10 mM [U-13 C] pyruvate for 3 h. Fractional enrichment of metabolite pools was determined exactly as described previously (Roessner-Tunali et al., 2004; Tieman et al., 2006) and label redistribution was calculated as described by Studart-Guimarã es et al. (2007) .
Statistical Analysis
The t-tests were performed using the algorithm embedded into Microsoft Excel (Microsoft). The term 'significant' is used in the text only when the change in question has been confirmed to be significant (P , 0.05).
